Quantum-mechanical calculations of the potential energy curves of the singlet and triplet states of LiH, NaH, KH, RbH, and CsH formed by the approach of ground state alkali-metal atoms and hydrogen atoms are presented. Precise values are determined for the coefficients of the van der Waals interaction and estimates are made of the contribution of the exchange interaction at large distances. Together with empirical data, they are used to assess and improve the accuracy of the ab initio potentials.
I. INTRODUCTION
Recent progress in trapping of cold atoms and photoassociation spectroscopy in ultracold samples 1, 2 have allowed the determination of diatomic interaction potentials with high precision. Accurate interaction potentials, particularly at large separations, are needed in calculations of the scattering of atoms at ultralow energies. 1 Collisions at ultracold temperatures are major factors in determining the behavior of trapped atoms and the formation of Bose-Einstein condensates. 3 For example, evaporative cooling ͑used to reach ultralow temperatures͒ depends on the thermalization rate coefficient which is determined by the cross sections for elastic collisions of the atoms. The scattering lengths, which give the ultralow energy scattering cross sections, also dictate many properties of Bose-Einstein condensates, such as their stability, size, and excitation modes. 3, 4 Mixtures of the alkali metal atoms with hydrogen atoms may be effective in enhancing the cooling efficiency. 5 We present here ab initio calculations of the potential energy curves of the singlet and triplet states of LiH, NaH, KH, RbH, and CsH formed by the approach of ground state alkali-metal atoms and hydrogen atoms. The result for LiH has been presented graphically. 5, 6 For NaH and KH, the effective core potential combined with the core polarization potential has been used to calculate a large number of electronic states. 7 As this method has a semiempirical character, we performed new calculations using ab initio all-electron methods for NaH, KH, RbH, and CsH which are presented in this work.
We attempt here to use an analysis of the atom interactions at large separations to assess and improve the accuracy of the ab initio potentials.
II. AB INITIO CALCULATIONS
Ab initio calculations using a large scale configuration interaction method 6 have been carried out of the potential energy curves of the lowest 1 ⌺ and 3 ⌺ states of the alkali metal hydrides LiH, NaH, KH, RbH, and CsH at internuclear distances from 0.3a 0 to 25a 0 or 30a 0 .
The calculations employed products of atomic basis functions represented by primitive Gaussian functions optimized to describe the lowest electronic states of the various allowed symmetries as in the LiH case. 5, 6 For atomic hydrogen seven orbitals with exponents 19.79, 2.945, 0.7209, 0.2301, 0.085 52, 0.031, and 0.0098, three p orbitals with exponents 1.4, 0.34, and 0.093 and two d orbitals with exponents 1.2 and 0.25 without contraction were adopted. This basis set yields a binding energy that is 0.008 eV less than the exact nonrelativistic value of 0.5 a.u. and an electron affinity of 0.740 eV compared to the accurate value of 0.756 eV. 8 For lithium we used 15s, 10p, 6d, and 3 f primitive Gaussian functions, 6 for Na 18s, 12p, 7d, and 3 f , for K 18s, 14p, and 8d, for Rb 19s15p10d, and for Cs 20s15p10d, all without contraction. The atomic HartreeFock calculation using these bases gave total energies close to the corresponding numerical values. 9 Optimal molecular orbitals were constructed from multiconfiguration self-consistent field calculations with two active sigma orbitals, and multireference configurationinteraction calculations 6 were carried out which included all possible single and double excitations. For LiH, all four electrons were represented explicitly in the construction. For NaH, KH, RbH, and CsH, the valence-core correlation was included by augmenting the full valence configurations with single core excitations.
The MOLCAS program 10 was used for the molecular configuration-interaction calculations. The calculated binding energies and the resulting interaction potentials are available electronically.
11
At large distances the interaction potentials have the form
where the dispersion interaction may be represented by a power series expansion in the inverse of the internuclear distance
and the exchange terms V S exch and V T exch are exponentially decreasing functions of R whose form we consider in Sec. IV.
III. DISPERSION FORCES
The van der Waals coefficients C 6 and C 8 in Eq. ͑3͒ may be determined to high accuracy by writing them in the forms
and
where ␣ d (i) and ␣ q (i) are the dynamic dipole and quadrupole polarizabilities of the hydrogen and alkali metal atoms evaluated at imaginary frequencies i. The dipole polarizabilities of Na, K, Rb, and Cs have been calculated to within an uncertainty of less than 0.5% or better by manybody perturbation theory. 12 We obtain C 6 ϭ73.83(9) a.u. for NaH, 111.2͑2͒ a.u. for KH, 124.3͑3͒ a.u. for RbH, and 149.7͑2͒ a.u. for CsH. The value for LiH is 66.544 a.u. 5 To determine C 8 for Na we extended many-body techniques 12 to calculate the dynamic quadrupole polarizability. The dynamic quadrupole polarizability can be written as a sum of quadrupole transition matrix elements divided by energy denominators. The major contribution arises for Na from the 3S 1/2 -3D J transitions. We used an ab initio relativistic coupled-cluster method which included single and double excitations 13 and we obtained ͗3S 1/2 ʈQʈ3D 5/2 ͘ ϭ24.31 a.u. and ͗3S 1/2 ʈQʈ3D 3/2 ͘ϭ19.85 a.u. for the reduced matrix elements of the quadrupole operator Q. We combined these values with experimental energy differences and added their contributions to ␣ q (i) to those of the higher discrete and continuum valence states computed in the Dirac-Hartree-Fock approximation. The resulting static quadrupole polarizability for Na is ␣ q (0)ϭ1922 a.u., which should be an improvement over the nonrelativistic model potential values ␣ q ϭ1878 a. Estimates of the higher order coefficients beyond R
Ϫ8
arising from second-order perturbation theory have also been presented by Patil and Tang 15 and we used them here in our calculations of the dispersion forces. Contributions from higher orders of perturbation theory were neglected.
Examination of the ab initio calculations of the singlet and triplet potentials 11 shows that exchange forces become negligible for RϾ18a 0 and only the dispersion contributions remain. At such large distances the interaction energies are small but a limited comparison can be made.
For LiH, the ab initio calculations are consistent with an asymptotic form of about Ϫ73/R 6 a.u., some 10% larger than the correct values. In absolute terms, the numerical accuracy of the individual values is high. Thus at Rϭ27a 0 the expansion ͑3͒ yields an interaction energy of Ϫ2.0ϫ10 Ϫ7 a.u. compared to the ab initio value of Ϫ1.8ϫ10 Ϫ7 a.u.
There is some loss of accuracy for the heavier alkali metal hydrides due presumably to the increase in superposition error associated with the requirement of larger basis sets for a multielectron system. For NaH, the asymptotic form of the dispersion energy is about Ϫ100/R 6 whereas the correct form is Ϫ73.8/R 6 . Bearing in mind that the interaction potentials obtained in the molecular configuration interaction calculation is the result of subtracting one large quantity from another, the numerical accuracy of individual points is again high. At Rϭ27a 0 , the series ͑3͒ yields an interaction energy of Ϫ2.1ϫ10 Ϫ7 a.u. and the ab initio value is Ϫ2.7 ϫ10 Ϫ7 a.u.
For KH, the ab initio calculations overestimate the long range dispersion forces by a factor of about 2. The leading term of the dispersion energy derived from the ab initio values is about Ϫ200/R 6 a.u. whereas the correct value is Ϫ111.2/R 6 a.u. At Rϭ20a 0 , the ab initio value is Ϫ6.3 ϫ10 Ϫ7 a.u. and the predicted value is Ϫ4.2ϫ10 Ϫ7 a.u.
The results for RbH and CsH are similar to those for KH, the ab initio calculations yielding dispersion energies that are too large by factors of about 2. Our calculated values of C 6 for RbH and CsH are, respectively, 124.3 and 149.7 a.u. to within an estimated error of 0.2%. At Rϭ20a 0 the ab initio value for RbH is Ϫ3.0ϫ10 Ϫ6 a.u. compared to the predicted Ϫ2.3ϫ10 Ϫ6 a.u., and for CsH the ab initio dispersion energy is Ϫ3.9ϫ10 Ϫ6 a.u. and the predicted value is Ϫ3.0ϫ10 Ϫ6 a.u.
The discrepancy between predicted and ab initio values illustrates the great difficulty that conventional methods have in predicting quantitatively the long-range form of interaction potentials. The achievement of an absolute accuracy of 10 Ϫ7 a.u. for the lighter hydrides and a few times 10 Ϫ6 a.u.
for the heavier indicates that the ab initio calculations presented here are very successful.
IV. EXCHANGE INTERACTIONS
We attempt here to assess the accuracy of the exchange interaction, which distinguishes the singlet and triplet potentials. For a pair of like atoms, V S exch (R)ϭϪV T exch (R) asymptotically and ab initio values of the exchange energies can be obtained by subtracting the ab initio singlet and triplet potentials. For like atoms, a formula given by Smirnov and Chibisov 16 provides a reliable representation of the exchange forces at large distances. Their representation assumes that the exchange energy arises from the interaction of the valence electrons in the region on the internuclear axis midway between the nuclei. In the case where the ionization potentials are quite different, the exchange interactions are determined more by the valence electron distribution near the atom with the higher ionization potential. The assumption leads to the approximate formula
where ⌽(R) is the valence electron wave function at R and is an imaginary momentum given in a.u. in terms of the ionization potential ␣ 2 /2 of the alkali metal atom by
The valence electron wave function can be represented asymptotically as
In the calculations we used experimental ionization energies and factors A from Ref. 18 . The function F() depends only on the scattering of slow electrons by atomic hydrogen in the singlet and triplet states and does not depend on the alkali metal atom. We assume that F() is a constant and attempt to determine it from the ab initio calculations of the potentials. If we subtract V( 3 ⌺͉R) from V( 1 ⌺͉R) we eliminate asymptotically the dispersion forces. The resulting interaction energies vary over many orders of magnitude and for RϾ10a 0 they are consistent with the exponential variation with R given by ͉⌽(R)͉ 2 . The best overall choice of the external constant F that reproduces the exchange interactions for the five hydrides appears to be 180 a.u. In Table I we compare the ab initio values with the values given by
The ab initio calculations capture the rapid variation of the exchange energy with R, even at very large R where extreme cancellation is occurring. At Rϭ15a 0 , the possible numerical uncertainty in the ab initio interaction energies is of the order of 10 Ϫ8 a.u.
V. DISCUSSION AND CONCLUSIONS
At small values of R, empirical data on the 1 ⌺ ϩ potentials are available. 19 The case of LiH has been discussed earlier, 5, 20 and the potential curves are shown in Fig. 1 . The ab initio data for NaH are compared with RKR ͑Rydberg-Klein-Rees͒ data in Fig. 2 21 Over a limited range of R they indicate a potential that is uniformly deeper by 1.6% than the theoretical curve. The triplet state has a shallow well with a depth of 4.1 cm
Ϫ1
at an equilibrium distance of 12a 0 and it supports one vibrational level.
We carried out a similar analysis for KH. of ab initio results for the X 1 ⌺ ϩ state and the energies derived from the RKR analysis is given in Fig. 3 . The ab initio calculations underestimate the singlet binding energies by about 0.2%.
For RbH RKR data are available for the lowest 11 vibrational levels of the X 1 ⌺ ϩ state. 23 A comparison with the RKR data is presented in Fig. 4 . The ab initio dissociation energy D e ϭ14 301 cm Ϫ1 is 2.0% smaller than the recommended value D e ϭ14 580Ϯ600 cm Ϫ1 . 19 The predicted equilibrium separation is 4.5a 0 and the experimental value is 4.4726a 0 . The well depth of the a 3 ⌺ ϩ state is 2.7 cm
with the equilibrium separation R e ϭ14a 0 . Only one vibrational level is supported by this well. For the X 1 ⌺ ϩ state of CsH the calculated dissociation energy D e ϭ14 805.9 cm Ϫ1 is in excellent agreement with the recommended value 14 792.2 cm
. 19 The calculated equilibrium separation is 4.8a 0 compared to the measured 4.7135a 0 . Figure 5 shows that the calculated values lie below the semiempirical data for internuclear distances beyond the equilibrium separation. For example at Rϭ8a 0 the ab initio result is 13% lower than the semiempirical value. The ab initio a 3 ⌺ ϩ potential has a well depth D e ϭ2.4 cm Ϫ1 and R e ϭ15a 0 and again supports one vibrational level. Based on the ab initio potentials, RKR data, and dispersion coefficients we constructed the hybrid potentials. For the X 1 ⌺ ϩ states the RKR data were augmented with the uniformly scaled ab initio values, and in the region 20a 0 ϽRϽ30a 0 we smoothly merged the scaled ab initio potentials into the theoretical dispersion interactions. Using these constructed singlet potentials, we assembled the triplet potentials as
for RϾ25a 0 . In the region 20a 0 ϽRϽ25a 0 this potential was combined with the ab initio data to provide a continuous transition to the ab initio potential at smaller internuclear separations. A comparison of the ab initio and the constructed potentials ͑interpolated when necessary͒ is given in Table II for a number of internuclear distances. The complete tables are available in electronic form. 11 We believe these potentials Fig. 2 for an explanation of the labels.
will enable accurate predictions to be made of the scattering of the alkali metal atoms by hydrogen atoms. 5 This method should be applicable to other systems, in particular to the interaction of Rydberg atoms. 
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